We report pump-probe transient absorption spectroscopy on carbon nanotubes with a high initial excitation density. We find that the recovery of the ground state optical absorption is well described by a 1 / ͱ t relaxation, indicating that the long time population relaxation is controlled by one-dimensional diffusion limited two body recombination. DOI: 10.1103/PhysRevB.74.041405 PACS number͑s͒: 78.67.Ch, 42.50.Md, 73.63.Fg Single-walled carbon nanotubes ͑SWNTs͒ are prototypical one-dimensional ͑1D͒ nanomaterials possessing exceptional electronic and mechanical properties.
Single-walled carbon nanotubes ͑SWNTs͒ are prototypical one-dimensional ͑1D͒ nanomaterials possessing exceptional electronic and mechanical properties. 1 Recent work emphasizes the interest in SWNTs as optical materials, as well as the potential of unique applications that integrate their electronic and optical characteristics. 2, 3 Both semiconducting and metallic SWNTs absorb light at wavelengths determined by the tube wrapping vector, length, and aggregation state 2 and fluorescence emission from semiconducting SWNTs has been demonstrated. 3 Importantly, the fluorescence quantum yield is observed to be extremely low ͑10 −3 -10 −4 ͒, indicating that most of the excited carriers relax quickly to states that decay by a nonradiative pathway. 1, 4, 5 It is unclear whether this relaxation involves defects and/or interaction with external species, or is due to the relaxation of photoexcitations into intrinsic dark excited states.
These observations are stimulating various studies of SWNTs via transient optical spectroscopies using one color and two color pump-probe experiments on surfactant suspensions of SWNTs. [6] [7] [8] [9] [10] Measurements, using these techniques, have led to the development of two models: One treats the system using one-body kinetics, [6] [7] [8] and the other considers a system of interacting excitons using two-body kinetics. [9] [10] [11] The first model proposes a biexponential process for the decay of the bleached ground state absorption spectrum of the S 11 absorption peak. The fast process is assigned to band edge relaxation, with time constants ranging from 0.3 to 1.2 ps.
6-8 and the slower process, attributed to interband carrier recombination, has time constants of 5 -100 ps. [6] [7] [8] Other work on thin films of SWNTs, where the tubes are bundled and in intimate contact with each other, recover much more rapidly. 12 The second model considers excitonic annihilation processes, governed by two-body reaction kinetics, and in some cases 9 shows excitonic diffusion along the length and circumference of the tube with a decay rate proportional to 1 / t. In the prior work, the pump fluence ranges from 0.05 to 33 mJ/ cm 2 , and the temporal range of the experiments was up to ϳ100 ps.
In this paper, we report the results of nanotube transient absorption spectroscopy after pulsed optical excitation at 1.0 mJ/ cm 2 with temporal analysis up to ϳ1 ns. From the methods used in this work, we are able to identify a long time power law decay proportional to 1 / ͱ t, which persists over four decades in time. This behavior is predicted for diffusion limited pair recombination in one dimension, 13, 14 and is commensurate with the one-dimensional structure of a single-walled carbon nanotube.
The nanotube suspensions were made from material produced by the HipCO process 15 ͑batch 81͒ and used without any further purification. The SWNTs were dissolved in a 2.0 wt. % sodium dodecylbenzene sulfonate ͑SDBS͒ solution, and sonicated at high power ͑ϳ2.5 W / mL͒ with the solution in direct contact with the sonication horn of a cup horn sonicator for 10 min. The surfactant coated, individual SWNTs were separated from the larger SWNT aggregates, and graphitic and catalytic impurities by ultracentrifugation at 122 000 g for 4 h. The upper 60% of supernatant, which is rich in individual surfactant-coated SWNTs, was collected and used in all further experiments. This procedure is similar to that which is described elsewhere. 2 The transient absorption spectrum from 920-1430 nm is obtained by standard pump-probe methods. A detailed description of the experimental setup can be found elsewhere. 16 Our experimental conditions differ from many previous pump probe studies in that we use a fixed wavelength pump at 725 nm, and probe the entire S 11 transient spectrum from 920 to 1430 nm for delay times in the range 0.2-120 ps.
The linear absorption and fluorescence ͑720 nm excitation͒ spectra of the centrifuged SDBS-SWNT suspension are shown in Fig. 1͑a͒ . Due to the structural heterogeneity of the nanotubes present in HipCO material, the absorption spectrum in the NIR has many discrete S 11 absorption transitions reflecting the dependence of the electronic band structure on variations in the SWNT wrapping vector. Fluorescence excitation in the visible spectrum at 720 nm shows that only a few of the tubes present have an S 22 transition in resonance with this excitation wavelength ͑gray curve͒. Following the thermalization of the photoexcited species by an intraband process to the S 11 band edge, a small number of these recombine radiatively. Using the assignments of Bachilo et al., resonance excitation into the first or second subband of a nonresonant tube, or be due to emission from small bundles of semiconducting tubes in which at least one is in resonance.
The transient spectrum of the NIR region, using a 725 nm pump at a fluence of 1.0 mJ/ cm 2 , is shown in Fig. 1͑b͒ . The transient line shape, ⌬␣͑ , ͑t͒ , t͒ = ␣͑ , ͑t͒ , t͒ − ␣ 0 ͑͒, where ␣ is the absorption line shape at time delay t, ␣ 0 is the ground state absorption line shape, and ͑t͒ is the mean wavelength of the absorption line shape at time delay t. The ground state absorption is bleached most strongly at 1110, 1170, and 1250 nm; these features closely resemble the shape and position of the same peaks in the linear absorption spectrum of Fig. 1͑a͒ . Our quantitative analysis of this spectrum will focus on the spectral features of the ͑8,6͒ tubes because, of the three ground state bleached peaks, the one centered at 1170 nm contains only contributions from ͑8,6͒ and ͑12,1͒ tubes. Only the ͑8,6͒ tube has an S 22 transition in resonance with the pump wavelength at 725 nm. The other spectral features, at 1110 and 1250 nm, contain at least four unique SWNT wrapping vectors in each peak. 3 The bleach transition at 1110 nm contains contributions from ͑9,4͒, ͑9,2͒, ͑8,4͒, and ͑7,6͒ tubes; that at 1250 nm contains contributions from ͑11,1͒, ͑10,5͒, ͑10,3͒, and ͑8,7͒. Note that in the transient spectra of Fig. 1͑b͒ the pump is in resonance with the S 22 of only a few tubes, however, there are several bleach signatures from nonresonant tubes. We note only that in our analysis of the ͑8,6͒ tube, we cannot exclude overlapping spectral features from the ͑12,1͒ tube, whose S 22 transition is at 792 nm. Since the excitation density of the pump is sufficient to create a large population of particles on a single tube, and there is some spectral overlap between the S 22 subbands of both the ͑8,6͒ and ͑12,1͒ tubes, we expect similar effects in the measured transient absorption for both species.
To evaluate the transient recovery processes of the ͑8,6͒ tube, we deconvolute the transient spectra at several time delays ranging from 0.25 to 113 ps. This is done using a least squares fitting algorithm with 23 Gaussian line shapes used to represent the 23 distinct SWNT S 11 absorption peaks that exist over a spectral range of 920-1430 nm, where the mean peak position of the wrapping vector assignments of Bachilo et al. 3 are used as a starting point for the deconvolution of the transient spectrum. We chose to represent ͑8,6͒ and ͑12,1͒ as one peak because the difference in peak center positions is ϳ1 nm. 3 In our trial fits, when we used two peaks, they were virtually indistinguishable. We repeat the deconvolution process to obtain the Gaussian line shape ͓Fig. 2͑a͔͒, which represents ⌬␣( , ͑t͒ , t) for our ͑8,6͒ tube, for several transient spectra between short ͑0.25 ps͒ and long time delays ͑113 ps͒.
The ͑8,6͒ deconvoluted peak, ⌬␣( , ͑t͒ , t), is shown in Fig. 2͑a͒ . It shows a blue shift in the mean wavelength of bleach as a function of increasing time delay. For all ⌬␣( , ͑t͒ , t) measured, the mean deviation ͉ ͑t͒ − ͑ϱ͉͒, where ͑ϱ͒ is the mean wavelength of the ground state absorption line shape, is 1.73 nm with a standard deviation of 0.96 nm. This deviation is small relative to the mean FWHM of the ͑8,6͒ tube, which is 29.0 nm with a standard deviation 
FIG. 2. ͑a͒ ⌬␣( , ͑t͒ , t)
for the ͑8,6͒ tube, obtained from the deconvolution of the transient spectra over a range of 0.25-113 ps. ͑b͒ ␣( , ͑ϱ͒ , t) for the ͑8,6͒ tube, calculated at each time delay using ␣( , ͑ϱ͒ , t) = ⌬␣( , ͑ϱ͒ , t) + ␣ 0 ͑͒. of 3.0 nm. We correct this deviation by shifting the mean wavelength of the line shape to coincide with that of ␣ 0 . The corrected ⌬␣ is now written as ⌬␣( , ͑ϱ͒ , t). ␣( , ͑ϱ͒ , t), which is the absorption line shape of the S 11 subband at time delay t, can now be computed using the relation: ␣( , ͑ϱ͒ , t) = ⌬␣( , ͑ϱ͒ , t) + ␣ 0 ͑͒. ␣ is shown in Fig. 2͑b͒ .
We compute the rate of recovery of ␣( , ͑ϱ͒ , t) using the relation: ␣( , ͑ϱ͒ , t) = C͑t͒␣ 0 ͑͒, where C͑t͒ is zero when the ground state of the tube is completely bleached, and 1, when it has completely recovered. C͑t͒ represents the portion of the magnitude of ground state absorption recovered at time delay t, which we determine for each ␣( , ͑ϱ͒ , t). We want to study the remaining excited state population, 1 − C͑t͒. When plotted on a log-log scale ͓Fig. 3͑a͔͒, 1−C͑t͒ is linear over three decades in time, and is well described by y =1/ ͱ t. A mean field treatment of two-body reaction kinetics predicts a population relaxation of the excitation density ṅ =−␥n 2 and thus n͑t͒ ϰ 1/t at long times. However, the mean-field theory fails for diffusion limited pair reactions in one dimension. 13, 14 In one dimension, and assuming that two-body collisions eliminate pairs of excitations with unit probability, one obtains instead the scaling relation n͑t͒ ϰ 1/ ͱ t reflecting the diffusion range of a photoexcited species in time t. This is consistent with the data in Fig. 3͑a͒ and suggests that 1D diffusion of the long-lived photoexcited state limits the population relaxation for this system.
For comparison, we have fit 1 − C͑t͒ to mono-, bi-, and tri-exponential decay functions ͓Fig. 3͑a͒ ͑inset͔͒. The mono-, and bi-exponential functions do not give an accurate fit to the experimental data. The triexponential function does, however, fit 1 − C͑t͒ very well. Examination of the time constants in this fit reveals a spacing of approximately one order of magnitude between each. While it is clear that several exponential functions can be used to fit 1 − C͑t͒, based on the uniform spacing in the magnitude of the time constants, it seems unlikely that a fit to a sum of exponential functions can have a physical interpretation. However, the electronic transport in SWNTs along their length is well established, and 1 − C͑t͒, which shows 1 / ͱ t dependence, is consistent with a scaling factor for diffusion limited recombination in one dimension.
In Fig. 3͑b͒ , 1−C͑t͒ is shown over four decades in time, up to 1000 ps, and shows 1 / ͱ t dependence over the entire length of the decay. These data have been obtained from a ͑7,6͒ tube, where the nanotubes were dissolved in a 2.0 wt. % surfactant solution using a proprietary amphiphilic oligomer as the surfactant molecule. The suspension was centrifuged at 75 000 g for 4 h, and the upper 60% of the supernatant was collected for analysis by transient spectroscopy. The transient spectrum was measured using a fluence of 1.0 mJ/ cm 2 , and a pump wavelength of 670 nm that coincided with the S 22 subband of the ͑7,6͒ tube.
From the experiments of Islam et al., 17 the orientationally averaged absorption cross section for a second subband transition is approximately 2.0ϫ 10 5 cm 2 / mole of carbon or =2ϫ 10 5 cm 2 8RL / ͑N A ͱ 3a 2 ͒ for a tube of radius R and length L, where N A is Avogadro's number and a is the graphene lattice constant. In our experiments the excitation fluence, u i , is 1.0 mJ/ cm 2 . Since the temporal width of the excitation pulse is small compared to a typical interband recombination time at low fluence, 6-8 the pump produces an initial excitation density per unit length of the tube, n i = ͑ / L͕͒u i / ͓ប͑R͔͖͒, where ͑R͒ is the frequency of the exciting radiation; thus n i is 0.27 nm −1 . This corresponds to an initial state containing approximately 270 excitons per micron length of tube. Importantly, the same power law decay of the photobleaching is observed for several excitation fluences, where u i is in the range 100 mJ/ cm 2 Ͻ u i Ͻ 7.0 mJ/ cm 2 . Note that these excitation densities are comparable to those previously used to study nonlinear absorption and nonlinear exciton-exciton interactions in nanotubes. 9 They are three orders of magnitude larger than those used in experiments that have studied the transient decay of the fluorescence in the linear absorption regime. The 1 / ͱ t power law decay, observed for 1 − C͑t͒, is the signature of diffusion limited two-body recombination in a one-dimensional system. This indicates the formation of a nonemissive but mobile ͑diffusive͒ long-lived state following photoexcitation. Likely assignments for this state are a triplet exciton produced by intersystem crossing during the hot carrier relaxation, or a dark singlet exciton produced by intervalley scattering of excitons between the K and KЈ points of the Brillouin zone. [18] [19] [20] At a sufficiently long time, the excited tube will evolve to its dilute regime with a relaxation rate that should be limited by the slowest one-body relaxation kinetics. The fluorescence transient beyond this crossover time has been studied FIG. 3 . ͑a͒ 1-C͑t͒ ͑open circles͒ versus t on a log-log scale for an ͑8,6͒ tube. 1-C͑t͒ is linear over three decades in time and shows 1/ ͱ t dependence. y =1/ ͱ t ͑line͒ is shown for comparison. ͑inset͒ 1-C͑t͒ compared to mono-, bi-, and tri-exponential fits. ͑b͒ Similar linear behavior is observed for a ͑7,6͒. ͑inset͒ A good fit now requires at least four exponentials.
recently by Hagen et al. that suggest thermal detrapping limits the long time relaxation. 21 Note also that for an exciton diffusion constant D = 100 cm 2 /s ͑Ref. 22͒ an exciton can diffuse the length of a 1 m tube in approximately 100 ps.
In our samples, the 1 / ͱ t recovery persists well beyond this crossover time. However, this crossover time will be sample dependent, and nanotubes are known to have significant variation even if produced by seemingly equivalent synthetic processes. 23 In conclusion, we report on an example of a 1D diffusion limited recombination process in SWNTs that shows 1 / ͱ t dependence. This strongly suggests pairwise recombination as an intrinsic relaxation process for photoexcitations created at high density on a SWNT.
